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Much of the controversy surrounding second generation ethanol production arises from the assumed
competition with ﬁrst generation ethanol production; however, in Brazil, where bioethanol is produced
from sugarcane, sugarcane bagasse and trash will be used as feedstock for second generation ethanol pro-
duction. Thus, second generation ethanol production may be primarily in competition with electricity
production from the lignocellulosic fraction of sugarcane. A preliminary technical and economic analysis
of the integrated production of ﬁrst and second generation ethanol from sugarcane in Brazil is presented
and different technological scenarios are evaluated. The analysis showed the importance of the integrated
use of sugarcane including the biomass represented by surplus bagasse and trash that can be taken from
the ﬁeld. Second generation ethanol may favorably compete with bioelectricity production when sugar-
cane trash is used and when low cost enzyme and improved technologies become commercially
available.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Current efforts to meet the increased demand for fuel ethanol in
Brazil and elsewhere are primarily based on building new plants
and increasing acreage for sugar cane cultivation (Soccol et al.,
2010; Goldemberg and Guardabassi, 2009); however, further pro-
duction increases will also have to be based on improved sugar-
cane cultivation to allow the production of more ethanol per
hectare. Development of new technologies and improvements in
existing processes will also be necessary to obtain more ethanol
per ton of sugarcane. Agricultural productivity can be improved
by such practices as low impact mechanization for no-till farming
(CTBE, 2010), the use of new sugarcane varieties and perhaps, in
the future, of transgenic sugarcane. Processing productivity can
be increased by using the entire sugarcane plant as a feedstock
(Soccol et al., 2010) through chemical and biochemical hydrolysis
of surpluses bagasse and sugarcane trash or by production of other
renewable fuels (BTL – biomass to liquid thermochemical route)
(Naik et al., 2010; Walter and Ensinas, 2010) or chemicals (Fu
and Holtzapple, 2010).
Utilization of the lignocellulosic biomass for ethanol production
(second generation ethanol) would be preferable over sugar andde Ciência e Tecnologia do
ampinas, SP, Brazil. Tel.: +55
diasmos@gmail.com (M.O.S.
lsevier OA license.starch-based ethanol production (ﬁrst generation ethanol) because
of limited competition with food production and fewer changes in
land use and less deforestation (Fu and Holtzapple, 2010; Sánchez
and Cardona, 2008; Nigam and Singh, 2011).
The use of lignocellulosic materials as feedstock for second gen-
eration bioethanol production has not yet become an industrial
reality due to the lack of efﬁcient and low cost technologies which
results in prohibitive investment and production costs as well as
poor returns on investment (Cardona et al., 2010; Dias et al.,
2010). The structure of the plant cell wall and the difﬁculties in
hydrolyzing its main components (cellulose, hemicellulose and lig-
nin) limit the application of plant biomass (Rodrigues et al., 2010).
Sugarcane trash, comprised of sugarcane tops and leaves, and ba-
gasse are lignocellulosic residues obtained during sugarcane culti-
vation and processing that are currently burnt, left in the ﬁeld, or
used for energy production.
It is possible to utilize these materials more efﬁciently. Sugar-
cane bagasse, especially, is already available at the sugarcane pro-
cessing plant site, and ethanol production from bagasse may share
part of the available conventional bioethanol production infra-
structure (Dias et al., 2009). Analogous to an oil reﬁnery, where
all fractions of the petroleum barrel are exploited, the entire sugar-
cane plant should be transformed in the bioreﬁnery as it already
contributes roughly 70% to the cost of ﬁrst generation ethanol
(CGEE, 2009). The introduction of second generation ethanol or
fuel production needs to take into account the demand from both
domestic and international markets and competition from use of
lignocellulosic biomass in electricity cogeneration plants (Cardona
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different biomass derived products (ethanol and other biofuels,
bioelectricity and sugar, among others). In this study, several eco-
nomic analyses were performed, considering different process con-
ﬁgurations for ﬁrst and second generation plants. Technological
improvements of ﬁrst generation units, use of sugarcane trash
along with bagasse for cogeneration of electricity or second gener-
ation ethanol production based on different levels of technological
development were evaluated. Furthermore, sensitivity analyses
were performed varying the prices of sugarcane, trash (transported
to the plant) and enzymes for the cellulose hydrolysis, as well as
the opportunity prices for bioelectricity and ethanol and the facil-
ity investment required for each process conﬁguration.
First and second generation ethanol production plants were
simulated using the SuperPro Designer simulation platform; the
cogeneration system was simulated using an electronic spread-
sheet, because the unit operations required are not yet available
in the simulator’s database. Economic data applicable to the Brazil-
ian situation were collected and an electronic spreadsheet was
developed to calculate economic impacts (internal rate of return
– IRR, and production costs, always excluding return on capital).
First generation ethanol production was simulated using represen-
tative Brazilian industrial parameters from large scale plants (over
1 million liters of bioethanol/day), while for second generation eth-
anol production, data obtained in laboratory-scale experiments
were employed.2. Process description
2.1. Ethanol production in Brazil – ﬁrst generation plants
Ethanol is produced from sugarcane in Brazil, either in autono-
mous distilleries, in which all extracted sugarcane juice is con-
verted to ethanol, or in annexed plants, where a fraction of the
sugarcane juice is used for sugar production and ethanol is ob-
tained using the remaining part of the juice, along with molassesFig. 1. Simpliﬁed SuperPro Designer ﬂowsheet representing the simula(residue of the sugar production). For this analysis, it was assumed
that 500 tons of sugarcane (TC) are processed per hour (two mil-
lion TC per year) on a relatively large scale autonomous distillery,
producing approximately 1000 m3/day of anhydrous ethanol in a
conventional ﬁrst generation plant. The following process opera-
tions were considered in anhydrous ethanol production in an
autonomous distillery: sugarcane cleaning and preparation, extrac-
tion of sugars, juice treatment and concentration, fermentation,
distillation and dehydration of ethanol, cogeneration (combined
heat and power generation). Details about these unit operations
have previously been published (Dias et al., 2010).
The unit operations present in sugarcane processing for ethanol
production were simulated with data obtained from large scale
units. A simpliﬁed SuperPro Designer ﬂow sheet constructed to
represent a ﬁrst generation ethanol plant is shown in Fig. 1.
First, a conventional plant with an azeotropic distillation sys-
tem for ethanol dehydration was simulated since it is the most
common conﬁguration found in Brazilian industrial units. How-
ever, new plants are considering the use of alternative dehydration
processes such an adsorption process with molecular sieves, which
consumes less energy, avoids contamination of the product with
solvent (Simo et al., 2008), and decreases ethanol losses when
compared to the conventional azeotropic distillation process. En-
ergy consumption of these operations was obtained from the liter-
ature (Meirelles, 2006; Andrietta, 2009), as the process simulator
does not include the unit operations required to represent these
processes. Table 1 presents the basic parameters used in the simu-
lation of ﬁrst generation ethanol plants.2.2. Cogeneration systems
During sugarcane processing, large amounts (approximately
140 kg/TC, dry basis) of bagasse are produced when sugarcane
juice is separated from the ﬁber. This bagasse is usually burnt in
low efﬁciency cogeneration systems (22 bar) to produce steam
and electricity for the plant (Ensinas et al., 2007). For the past
few years, more efﬁcient boilers and turbines have been employedtion of a ﬁrst generation ethanol production plant from sugarcane.
Table 1
Basic parameters adopted in the simulation of the ﬁrst generation ethanol production
plant.
Parameter Value Unit
Sugarcane crushing rate 500 TC/h a
Days of operation 167 days/year
Sugarcane sugars content 15 wt.%
Sugarcane ﬁber content 14 wt.%
Sugarcane trash produced in the ﬁeld 140 kg/TC
Sugars losses on sugarcane cleaning 0.8 kg/TC
Sugars recovery on the mills 96 %
Sugars recovery on juice treatment 99.5 %
Fermentation yield 90 %
Ethanol recovery on distillation and dehydration 99.7 %
2.5 bar steam consumption – azeotropic distillation 1.5 kg/L b
6 bar steam consumption – molecular sieves 0.65 kg/L b
a TC: tons of sugarcane.
b Steam consumption based on the amount of anhydrous ethanol produced.
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amounts of electricity with steam turbines. When the plant is lo-
cated close to the power grid, surplus electricity can be sold, thus
improving the revenues of the enterprise.
The amount of electricity produced by the sugarcane processing
plant may be increased signiﬁcantly when sugarcane trash is col-
lected from the ﬁeld and transported to be processed in the factory.
Huge amounts of trash will be available in the near future as burn-
ing practices are eliminated (Seabra et al., 2010). Around 140 kg of
residues (trash, dry basis) are produced per ton of sugarcane stalks,
but some part of the trash must be left in the ﬁeld in order to pro-
vide weed and diseases control as well as nutrient recycling
(Hassuani et al., 2005). Removal of 50% of the trash from the ﬁelds
is considered feasible (Dias et al., 2009; Hassuani et al., 2005; Wal-
ter and Ensinas, 2010). In a plant where the amount of sugarcane,
bagasse and trash available for energy production exceeds the
amount needed to supply the energy required for the process, con-
densing–extracting steam turbines may be employed to produce
surplus electricity through expansion and condensation of excess
steam produced in the boiler. If a plant produces a bagasse/trash
surplus, only conventional backpressure steam turbines should
be used, since the amount of steam produced is equal to the
amount required to supply the thermal energy demand of theTable 2
Basic parameters adopted in the simulations of the cogeneration systems (Dias et al.,
2009; Ensinas, 2008; Seabra, 2008).
Parameter Value Unit
22 bar – boiler thermal efﬁciencya 75 %
90 bar – boiler thermal efﬁciencya 86 %
High pressure steam turbines isentropic efﬁciency 72 %
Intermediate pressure steam turbines isentropic
efﬁciency
81 %
Condensation turbine isentropic efﬁciency 70 %
Mechanical drivers – turbine isentropic efﬁciency 55 %
Generator efﬁciency 98 %
Sugarcane bagasse LHV (50 wt.% moisture) 7565 kJ/kg
Sugarcane trash LHV (15 wt.% moisture) 12960 kJ/kg
Electric power demand of the distillery 12 kWh/TC
Electric power demand of the 2nd generation production
process
12 kWh/tb
Mechanical power demand – cane preparation and juice
extraction
16 kWh/TC
Electric power demand of the distillery – electric drivers 30 kWh/TC
Outlet pressure of high pressure steam turbine 22 bar
1st extraction pressure 6 bar
2nd extraction pressure 2.5 bar
Process steam pressure 2.5 bar
Adsorption on molecular sieves – steam pressure 6 bar
a Low heating value (LHV) basis.
b Power demand required to process the lignocellulosic material.process. These two conﬁgurations were employed in the simula-
tions, depending on the ﬁnal use of the lignocellulosic material
available at plant site, and the main parameters of the cogenera-
tion system are displayed in Table 2.2.3. Second generation ethanol production
Besides being used as a fuel in boilers for the production of
steam and electricity, sugarcane bagasse may be used as feedstock
for ethanol production. Since it is composed of cellulose, hemicel-
lulose and lignin, it may be converted into fermentable sugars
through pretreatment and hydrolysis processes. In this analysis,
steam explosion is adopted as the pretreatment method in which
most of the hemicellulose is converted into pentoses and, simulta-
neously, cellulose becomes susceptible to enzymatic hydrolysis
(Carrasco et al., 2010; Martín et al., 2002). Three levels of techno-
logical developments are assumed in the second generation pro-
duction process based on current conditions observed in
laboratory and future scenarios. The current hydrolysis technolo-
gies produce relatively low yields (60%), low solids loading
(10 wt.%) in the hydrolysis reactor are assumed, and only the glu-
cose fraction obtained from the lignocellulosic materials is fer-
mented to ethanol. The pentose fraction obtained in the
pretreatment process is anaerobically biodigested to produce bio-
gas, which is employed in the cogeneration system. At the second
technological level, hydrolysis is improved (70% yield and 15% sol-
ids loading). This improvement in hydrolysis is achieved when an
alkaline deligniﬁcation step is introduced, that removes most of
the lignin and produces a cellulose pulp of high purity that is more
susceptible to enzymatic attack. At the third level, pentoses are
also fermented to ethanol with an 80% conversion. Table 3 presents
the basic parameters adopted in the simulations of the second gen-
eration unit operations, while Fig. 2 shows the simpliﬁed ﬂowsheet
of the second generation process simulation for the current and fu-
ture hydrolysis technology levels, respectively.
The glucose liquor obtained after cellulose hydrolysis is mixed
with the sugarcane juice and fermented; possible impacts on fer-
mentation yields due to the presence of potential inhibitors gener-
ated during pretreatment reactions are disregarded, since theirTable 3
Basic parameters adopted in the simulations of the operations in second generation
ethanol production from sugarcane bagasse and trash.
Parameter Value Unit
Sugarcane bagasse cellulose content (dry basis) 40.7 wt.%
Sugarcane bagasse hemicellulose content (dry basis) 26.5 wt.%
Sugarcane bagasse lignin content (dry basis) 21.9 wt.%
Steam explosion: temperature 190 C
Steam explosion: reaction time 15 min
Steam explosion: hemicellulose hydrolysis 70 %
Steam explosion: cellulose hydrolysis 2 %
Lignin LHV (50 wt.% water) 12360 kJ/kg
Biogas LHV 21320 kJ/Nm3
Pentose biodigestion: COD removal 70 %
Pentose biodigestion: temperature 55 C
Pentose biodigestion: biogas production 0.35 Nm3/kg
COD
Hydrolysis yield – current technology 60 %
Hydrolysis solids loading – current technology 10 wt.%
Hydrolysis reaction time – current technology 72 h
Alkaline deligniﬁcation – temperature 100 C
Alkaline deligniﬁcation – solids loading 10 wt.%
Alkaline deligniﬁcation – NaOH content 1 wt/V%
Alkaline deligniﬁcation – lignin solubilization 96 %
Hydrolysis yield – future technology 70 %
Hydrolysis solids loading – future technology 15 wt.%
Hydrolysis reaction time – future technology 48 h
Conversion of pentose to ethanol – future technology 80 %
Fig. 2. Simpliﬁed ﬂowsheet of the simulation of the second generation ethanol production process – (a) current (low yield and solids loading) and (b) future (high yield and
solids loading) technologies.
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the same conversion that is achieved nowadays in the ﬁrst gener-
ation ethanol production process (conversion of 90% of the C-6
sugars to ethanol) was assumed.
Pentoses produced during pretreatment are separated from the
cellulignin and converted to biogas through biodigestion (or fer-
mented to ethanol, in the most advanced scenario). Similarly, unre-
acted solids obtained after ﬁltration of the hydrolysis products are
used as fuel in boilers, along with the necessary amount of trash
and bagasse. The same efﬁciencies as that of conventional boilers
(Table 2) were assumed in this case.3. Methodology
In order to construct the conﬁgurations that will allow the com-
parison of second generation ethanol production that replaces part
of the surplus electricity, the following conditions for the basic ﬁrst
generation plant described earlier were included: commercializa-
tion of the surplus electricity in the ﬁrst generation plant; increase
of the boiler pressure from 22 to 90 bar (Ensinas et al., 2007); sub-
stitution of azeotropic distillation for adsorption on molecular
sieves, in the ethanol dehydration (Hu and Xie, 2001); complete
electriﬁcation of the ﬁrst generation plant (Ensinas et al., 2007);
20% reduction of the process steam consumption – considering
thermal integration of the process (Dias et al., 2011); use of 50%
of the sugarcane trash produced in the ﬁeld (Hassuani et al.,
2005). In the second generation ethanol production process, three
situations were compared: hydrolysis yields of 60%, with solids
loading on hydrolysis of 10 wt% (representing the ‘‘current’’ tech-
nology), an increase (to 70%) of the hydrolysis yield with solids
loading of 15 wt% (representing the ‘‘future technology’’), pentose
biodigestion or fermentation into ethanol (Balat et al., 2008). Nine
scenarios were constructed, assuming increasing levels of techno-
logical improvements from the ‘‘basic’’ plant – scenario I. Table 4
deﬁnes their major characteristics.
The proposed scenarios were simulated using SuperPro De-
signer to generate the process data, and in an Excel spreadsheetto simulate the cogeneration system. Although this is a simpliﬁed
way to simulate the process, it is a suitable representation for the
objectives of this study. Economic analyses were carried out by
estimating the internal rate of return (IRR) per year, and the pro-
duction costs for each scenario. Data compatible with the reality
of the industrial sector was used. The project lifetime was assumed
to be 25 years, including 2 years for construction and start-up. Lin-
ear 10 years depreciation was assumed as well. Income taxes and
social contributions accounted for 34% of the taxable income. The
investment required for a typical autonomous distillery processing
2 million tons of sugarcane per year (scenario I) is equal to US$ 150
million. Fifteen percent are required for sugarcane reception and
juice extraction; 17% for juice treatment, fermentation and distilla-
tion; 30% for cogeneration; the remaining fraction is used for auto-
mation, buildings, etc. (Dedini, 2009). These values were used to
estimate the investment required for all the other scenarios,
assuming a 40% increase in the juice treatment, fermentation and
distillation sectors due to adsorption with molecular sieves pro-
cess, a 40% increase in the cogeneration sector due to the use of
90 bar boilers (Dedini, 2009) and a 10% increase in the distillation
sector due to the heat exchanger network required for the 20%
reduction in steam consumption. The investment required for
installing electric drivers was considered the same as for mechan-
ical drivers, thus no change in investment was considered for this
improvement. A capacity-ratio exponent of 0.6 was included for
evaluating changes on the investment required for the cogenera-
tion sector as a function of the amount of steam produced with
each scenario.
For second generation ethanol production plants, two invest-
ment ﬁgures were considered. These ﬁgures were estimated by
CGEE (2009), who evaluated the investment for a second genera-
tion ethanol production plant using sugarcane bagasse as feed-
stock, integrated with a conventional ﬁrst generation ethanol
production unit. The investment includes equipment required for
bagasse collection, storage area, conveying, cleaning, classiﬁcation,
transportation, pretreatment and hydrolysis operations. The
hydrolyzed liquor is concentrated and fermented in a mixture with
sugarcane juice. The additional investment for concentration,
Table 4
Main characteristics of the scenarios.
Characteristics Scenarios
I II III IV V VI VII VIII IX
First generation ethanol production X X X X X X X X X
22 bar boilers X
90 bar boilers X X X X X X X X
Surplus electricity credit X X X X X X X X
Molecular sieves for ethanol dehydration X X X X X X X X
Second generation – current technology X X X
Complete electriﬁcation of the plant X X X X X X
20% reduction in process steam demand X X X X X X
50% of trash used X X X X
Second generation – future technology X X
C5 fermentation to ethanol X
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tion plant was included in the second generation investment ﬁg-
ures, and utilities are provided by the ﬁrst generation plant
(CGEE, 2009). For the current state of the technology, a higher
investment is required based on the processing capacity per year
(approximately US$ 460/ton of bagasse), while for the future tech-
nology, increased processing capacity along with other improve-
ments lead to a decrease in required investment (approximately
US$ 288/ton of bagasse) (CGEE, 2009). This reduction in invest-
ment required for the hydrolysis plant was estimated based on
the improvements of the technology over the years, mainly due
to a decrease in reaction time from 72 to 48 h, which decreases
the size of the hydrolysis reactors capacity and thus equipment
costs (CGEE, 2009). A capacity-ratio exponent of 0.6 was included
for estimating the investment variation for different processing
capacities, calculated in each scenario.
The economic analysis of each of the studied scenarios was car-
ried out using the medium costs and prices presented in Table 5,
evaluating the average internal rate of return (IRR) for each sce-
nario. Ethanol and electricity production costs – excluding return
on capital – were calculated as follows: their prices were reduced
simultaneously at the same rate until the IRR per year reached
zero.
An economic risk analysis was also carried out to assess the im-
pacts of increased electricity and ethanol production using surplus
lignocellulosic material as feedstock. An electronic spreadsheetTable 5
Main prices adopted in the economic risk analysis.
Parameter Lower Medium Higher
Overall investmenta x-3r x x + 3r
Sugarcane average price (US$/TC)b 18.35 19.41 20.47
Sugarcane trash average price (US$/t) 10.00 15.00 20.00
Electricity average price (US$/MWh)c 59.00 70.50 82.00
Ethanol average price (US$/L)d 0.46 0.50 0.54
Enzyme average price (US$/L cellulosic
ethanol)e
0.05 0.15 0.25
Enzyme average price (US$/ L cellulosic
ethanol)f
0.03 0.04 0.05
a x stands for the average investment required for each scenario; xmin and xmax
consider an estimated standard deviation of 6.7%.
b Six years moving average of sugarcane prices (Dec 2009 values) in São Paulo
state (SP), from July 2000 to December 2009 (UDOP, 2009).
c Minimum, medium and maximum prices on renewable energy auctions, values
for 2009.
d Six years moving average of anhydrous ethanol prices paid to the producer (Dec
2009 values) in SP, from July 2000 to December 2009 (CEPEA, 2009).
e Enzyme prices for the ‘‘current hydrolysis technology’’ – scenarios III, V and VII.
f Enzyme prices for the ‘‘future hydrolysis technology’’ – scenarios VIII and IX;
the exchange rate of US$ 1.00 = R$ 2.00 (2009 average currency exchange rate) was
adopted.was developed to evaluate the IRR and ethanol and electricity pro-
duction costs, and a normal distribution of overall investment,
average prices of ethanol, electricity, enzyme, sugarcane and sug-
arcane trash (presented in Table 5) was assumed for each alterna-
tive. The conﬁdence interval for each scenario was estimated using
Monte Carlo simulations. In order to obtain a smooth distribution
for this analysis, 10,000 runs were calculated using random values
of these variables.4. Results and discussion
Table 6 shows the results obtained in the simulation of the nine
proposed scenarios.
In spite of decreasing process proﬁtability (IRR), when com-
pared to the conventional autonomous distillery (scenario I), the
production of second generation ethanol from cellulose (scenarios
III, V, VII and VIII) decreased the overall ethanol production costs,
in the integrated process using sugarcane as raw material. When
compared to the alternative scenario (VI), in which bagasse and
50% of the trash are used for steam and electricity production, sig-
niﬁcant gains in the integrated ﬁrst and second generation ethanol
production process were only achieved when pentose fermenta-
tion to ethanol took place (scenario IX). The results, with a 99.7%
conﬁdence interval (mean ± 3 standard deviations) for the internal
rate of return and production costs (for ethanol and electricity) of
each scenario, are shown in Fig. 3. Although a conﬁdence interval
of 95% is usually employed (mean ± 2 standard deviations), the
wider 99.7% conﬁdence interval was chosen to guarantee the rep-
resentation of the true value of the IRR and costs within the nearly
full range of values. The ﬁgure shows that even with a larger inter-
val, the scenarios were still proﬁtable.
The results demonstrated that it was possible to improve the
IRR of the conventional autonomous distillery when the whole
sugarcane plant is used and electricity is sold to the grid. Second
generation ethanol can become attractive only when the conven-
tional bioethanol production process is optimized, a fraction of
the sugarcane trash is used, and improved hydrolysis technologies
are commercially available, as shown by the results obtained for
scenario VIII. Signiﬁcant gains can be obtained when pentose fer-
mentation to ethanol is accessible (scenario IX). This result was
even clearer when different sensitivity analyses were performed
(investment, prices of sugarcane, trash, enzyme, ethanol and elec-
tricity). Fig. 4 presents the variation of the IRR of selected scenarios
when changes in prices (feedstock, products, consumables and
investment) take place.
Even though there is great uncertainty regarding the costs of
sugarcane trash transportation from the ﬁeld to the processing site,
the impact of changes of ±15% in sugarcane trash prices on the IRR
of different scenarios is practically negligible, as shown in Fig. 4b.
Table 6
Simulations and economic analysis results.
Scenarios Surplus
electricity
(kWh/TC)
Surplus
bagassea
(kg/TC)
Hydrolyzed
bagasse + trasha
(kg/TC)
Ethanol
production
(L/TC)
Overall
investment
(million US$)
Average IRR
(% per year)
Average ethanol
production costs
(US$/L)
Average electricity
production costs (US$/
MWh)
I 0 28.5 – 88.9 150 15.9 0.332 –
II 92.6 – – 89.3 199 15.7 0.307 45.26
III 65.1 – 53.0 96.6 255 12.9 0.321 42.68
IV 104.6 – – 89.3 202 15.9 0.303 44.97
V 65.4 – 86.0 101.1 276 12.6 0.319 40.58
VI 185.8 – – 89.3 222 16.9 0.288 44.70
VII 92.8 – 161.4 110.7 329 12.2 0.317 41.30
VIII 62.3 – 155.3 113.7 286 14.5 0.293 35.59
IX 72.7 – 135.9 131.5 281 18.4 0.253 43.25
a Dry basis.
Fig. 3. Results of the economic analysis: (a) internal rate of return (IRR), (b) ethanol and (c) electricity production prices for each scenario – 99.7% conﬁdence interval.
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the enterprise, especially for scenario I, where there is no surplus
electricity (Fig. 4a). The impact of sugarcane prices on the IRR is
also signiﬁcant for the other scenarios, but when the raw material
was used with the largest efﬁciency (i.e., maximization of electric-
ity – scenario VI, or ethanol production – scenario IX), the impact of
sugarcane price is less intense.
Another variable of signiﬁcant uncertainty is the investment,
especially for the second generation plant. Fig. 4c shows the impact
of changes in investment on the IRR. Changes of ±15% in the invest-
ment have an important effect on the IRR but its magnitude issmaller than that of ethanol prices (Fig. 4d). Even if an increase
of 15% in investment occurs, the IRR for scenario IX (which pre-
sented the best results) was similar to that of scenario VI using
the average investment.
Enzyme prices in a large scale use scenario, such as the one
envisioned for biofuels, are also unknown; the impact of changes
in enzyme prices in the scenarios where second generation ethanol
production takes place is shown in Fig. 4f. Since enzyme price is
proportional to the amount of cellulosic ethanol produced, the
IRR of scenarios III and V was not signiﬁcantly affected by changes
in its price, contrary to scenarios VIII and IX.
Fig. 4. Sensitivity analyses: impact of (a) sugarcane, (b) sugarcane trash, (c) investment, (d) ethanol, (e) electricity and (f) enzyme prices on the internal rate of return (IRR) for
selected scenarios.
8970 M.O.S. Dias et al. / Bioresource Technology 102 (2011) 8964–89715. Conclusions
Sugarcane processing may be improved by using the whole
plant for electricity or second generation ethanol production. Un-
der the conditions assumed in this study, results showed that
improvements can be obtained with the available technology in
the scenarios where electricity production is maximized, while
for second generation ethanol better IRR are consistently obtained
only when using sugarcane trash and improved hydrolysis technol-
ogies. Nevertheless, even with the current hydrolysis technology
(relatively low yield, low solids loading on hydrolysis and no pen-
tose fermentation to ethanol), the integrated ﬁrst and second gen-
eration production process decreases ethanol production cost.
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